and experimental results with respect to k and C 1 for strategy A and strategy B. We can conclude that C 1 and I 0 =I L influence the power factor far less than k does. This can be explained from the results shown in Table I , that the dc current required (C 1 I o ) to eliminate the voltage imbalance is usually much smaller than I L . Also, the even harmonics introduced in strategy B is negligible when using a larger k.
and experimental results with respect to k and C 1 for strategy A and strategy B. We can conclude that C 1 and I 0 =I L influence the power factor far less than k does. This can be explained from the results shown in Table I , that the dc current required (C 1 I o ) to eliminate the voltage imbalance is usually much smaller than I L . Also, the even harmonics introduced in strategy B is negligible when using a larger k.
V. CONCLUSION
The voltage imbalance in the split capacitors is a disadvantage of the half-bridge boost rectifier. In this letter, the imbalance phenomenon and the method of overcoming it have been discussed in detail. It is proved that the optimal compensation scheme is to add only a required dc component in the source current.
I. INTRODUCTION
A traditional rotor-flux-oriented induction machine drive offers control performance but often requires additional sensors on the machine. This adds to the cost and complexity of the drive system. To avoid using sensors on the machine, terminal quantities of the machine are used to estimate the flux and speed of the machine. For the last two decades, many researchers attempted to solve this problem, and for this purpose, different algorithms have been proposed [1] - [11] .
For this problem, sliding mode is rarely used, even though sliding-mode theory is one of the prospective control methodologies for induction machine flux and speed estimation problems because of its order reduction, disturbance rejection, robustness, and simplicity of implementation. The basics of the sliding-mode control for electromechanical systems are introduced in [12] . A few works have been presented for the speed and flux estimation for the induction machine using sliding-mode theory [13] , [14] .
In this letter, a new sliding-mode-based flux and speed estimation technique for sensorless control of a field-oriented induction machine is proposed. The flux estimation accuracy is guaranteed through the current observer. The rotor speed is estimated based on the measured and estimated stator currents and estimated rotor flux. The proposed algorithm estimates the rotor time constant along with the rotor speed, and problems related to integration process are solved through a low-pass filter structure. In the proposed algorithm the terms containing flux, speed, and rotor time constant, which are common in both current and flux equations of the current model of the induction machine, are estimated by a sliding function. This makes d-and q-axes flux estimation decoupled and, therefore, the flux estimation is merely an integration of the known terms.
II. THEORETICAL ASPECTS
In this section, the induction machine model and the theoretical aspects of the proposed algorithm are introduced, including current observer, flux, speed, and rotor time constant estimation. 
A. Induction Machine Model
T r is the rotor time constant, ! r is the rotor electrical speed, subscripts d and q are used for d-axis and q-axis components, and superscript s represents the stationary reference frame. Lm, Lr, Rr, Ls, and Rs are mutual inductance, rotor inductance and resistance, and stator inductance and resistance, respectively.
B. Current Observer Design
The proposed speed and rotor time constant estimation structures are based on a sliding-mode current observer. Ensuring the convergence of the current observer, the equivalent control [15] is produced. Then, it is used in the flux estimation to determine the flux along d and q axes. Based on the model given in (2), the proposed current observer structure is _ I = 9 0 k1Î + k2V 
When the estimation error trajectories reach the sliding surface, i.e., s n = 0, then, from (5), it is obvious that observed current will converge to the actual ones, i.e.,î s ds = i s ds andî s qs = i s qs . It is important to point out that this sliding surface equation selection guarantees that on the sliding surface the observer will not be aeffected by any system parameter or any disturbance, i.e., the current observer is invariant [15] . 
By selecting large enough u o , found by the existence condition given by (7), the sliding mode (sn = 0) will occur. To define the control action, which maintains the motion on the sliding manifold, "equivalent control" concept is introduced [15] . The equivalent control can be defined as the average of the discontinuous control on the sliding manifold, which by itself is sufficient to maintain the motion on the manifold. Therefore, the equivalent control action can be found by isolating the continuous term using a low-pass filter, which is implemented as 9 eq dq = 1 s + 1 9 dq where is the time constant of the filter and should be sufficiently small to preserve the slow component undistorted but large enough to eliminate the high-frequency components.
C. Flux, Speed, and Rotor Time Constant Estimation
When the trajectories of the system reach the sliding surface s n = 0, the observed currentsî s qs andî s ds match with the actual currents i s qs and i s ds , which means the sliding function will represent the term that is replaced by them, i.e., qr can be found. Note that to calculate the fluxes, a low-pass filter is used instead of integration. Note that this approach was introduced in [15] and showed that it overcomes the problems of an ideal integration such as the effect of initial conditions. Now, using the flux values and (8) 
III. SIMULATION AND EXPERIMENTAL STUDIES
In this section, the performance of the proposed observer structure is presented via simulation and experimental results. The block diagram of the indirect field-oriented induction machine drive system with observer structure is given in Fig. 1 . In the speed regulation loop, a simple proportional-plus-integral (PI) controller is used. It is assumed that the performance of the PI controller will be sufficient to present the performance of the observer structure. It is important to point out that the rotor time constant estimation is also presented. Note that a four-pole 5-hp induction machine was used in this study, the parameters of which are L ls = L lr = 1:9 mH, Lm = 41:2 mH, Rs = 0:6, and Rr = 0:412.
A. Simulation Results
The validity of the observer structure is verified by the simulation, and the results are given in Fig. 2 , where the estimated speed is used as feedback in the closed loop. The first step for the speed estimation is the current observation. The observed and actual d-axis currents are shown in Fig. 2(c) , and the error between them is given in Fig. 2(d) . It is obvious from these results that current convergence is satisfied.
B. Experimental Results
The laboratory setup consists of a 5-hp cage rotor induction machine and a high-performance advance controller for electric machines (ACE). The ACE is a very-high-performance, rugged, rapid prototyping tool that implements advanced control algorithms and interfaces without any traditional programming. It is important to note that all the experimental results presented in this paper have been collected using the data acquisition capability of the ACE controller. The performance of the observer is first analyzed in the implementation by operating the observer without using it in the closed loop, i.e., in the feedback, the actual speed from the encoder is used and the observer structure works parallel to the overall system without affecting the closed-loop system at all. This will be called "free operation." For this case, the closed-loop system follows a trapezoidal trajectory, and parallel with the closed-loop system, the observer operates and estimates the encoder speed. The estimated speed and encoder output are given in Fig. 3(a) together with the error between them in Fig. 3(b) . In addition, observed and measured currents for the d axis, and the error between them, are given in Fig. 4 . These results verify the performance of the observer. Next, the observer is tested when it is replaced with the encoder in the closed loop, which is called "feedback operation" of the observer. For high-speed performance, a 750-r/min square and trapezoidal reference inputs are applied to the closed-loop system. In addition, for the low-speed performance, a 40-r/min square and a 50-r/min trapezoidal reference input are applied. It is important to point out that the observed and measured currents are on top of each other. In addition, the rotor time constant is updated and, as seen from Fig. 13 , it converges to its actual value in a short period of time.
IV. CONCLUDING REMARKS
A new sliding-mode current observer has been proposed for flux, speed, and rotor time constant estimations. The rotor time constant update algorithm will overcome the problem of rotor resistance variation, normally needed for the slip frequency control in indirect field-oriented vector control. The proposed scheme is validated through simulation and experimental results. It is concluded from the results presented in this letter that the proposed scheme performs well for both high and low speed. It is also important that the new algorithm is robust to parameter changes and easy to implement for an off-the-shelf machine.s
